Introduction
During an idealized 28-day human menstrual cycle, the endometrium undergoes well-timed changes in preparation for embryo implantation. The follicular or proliferative phase is separated by ovulation on day 14 from the luteal or secretory phase. The endometrium is only receptive to embryo implantation during luteal days 20-24 (Wilcox et al., 1999) . Inability to determine endometrial receptivity is one important cause for less than optimal success rates in artificial reproductive technologies such as in vitro fertilization (Norwitz et al., 2001) .
These temporal changes of the endometrium are evident at the tissue and epithelial cell level. In fact, histological changes have been the gold standard for endometrial dating for the past 50 years, but their value has recently been questioned (Coutifaris et al., 2004; Murray et al., 2004; Noyes et al., 1950) . Among the ultrastructural hallmarks of secretory endometrial epithelial cells are giant mitochondria, subnuclear glycogen deposits, pinopodes and nucleolar channel systems (NCSs) (Martel, 1981; Spornitz, 1992) . Whereas giant mitochondria and subnuclear glycogen deposits appear in the early luteal phase, pinopodes (see Discussion) and NCSs more closely overlap with the mid-luteal window of implantation and could serve as potential markers (Clyman, 1963; Nikas et al., 1995) .
NCSs were discovered close to 50 years ago in the nuclei of endometrial epithelial cells using transmission electron microscopy, which is currently their only method of identification (Dubrauszky and Pohlmann, 1960) . NCSs are small globular structures of about 1 μm in diameter and consist of three components: intertwined membrane tubules embedded in an electron-dense matrix, and an amorphous core that is separated from the nucleoplasm by the tubules and matrix (Clyman, 1963; Moricard and Moricard, 1964; Terzakis, 1965) . Using histochemical labeling, we documented the activity of glucose-6-phosphatase, a marker enzyme of endoplasmic reticulum, in the lumen of the membrane tubules, indicating their derivation from this cytoplasmic organelle, apparently through the contiguous nuclear envelope (Kittur et al., 2007) .
Our understanding of nuclear structure and function has advanced significantly (Stewart et al., 2007; Terry et al., 2007; TrinkleMulcahy and Lamond, 2007) . Nuclear pore complexes (NPCs) perforate the nuclear envelope at the sites where the outer and inner nuclear membranes fuse and are thought to serve as the sole portals between nucleus and cytoplasm. The NPCs are large protein assemblies consisting of 30 or so proteins (nucleoporins) present in multiple copies and arranged in partial symmetry across the envelope and around the pore. Although some nucleoporins can transiently detach from NPCs during interphase and some concentrate in kinetochores during mitosis when NPCs disassemble, they are generally restricted to intact NPCs (Belgareh et al., 2001; Rabut et al., 2004) . Whereas the outer membrane and the perinuclear space mirror the proteins of the attached endoplasmic reticulum, the protein composition of the inner nuclear membrane is distinct. Inner membrane proteins anchor the lamina (an intermediate filament meshwork lining the nucleoplasmic side) and/or chromatin at the nuclear envelope. Several of these proteins, including lamins (proteins of the lamina), are mutated in inherited diseases ranging from muscular dystrophies to progeria (premature aging) (Stewart Nucleolar channel systems (NCSs) are membranous organelles appearing transiently in the epithelial cell nuclei of postovulatory human endometrium. Their characterization and use as markers for a healthy receptive endometrium have been limited because they are only identifiable by electron microscopy. Here we describe the light microscopic detection of NCSs using immunofluorescence. Specifically, the monoclonal nuclear pore complex antibody 414 shows that NCSs are present in about half of all human endometrial epithelial cells but not in any other cell type, tissue or species. Most nuclei contain only a single NCS of uniform 1 μm diameter indicating a tightly controlled organelle. The composition of NCSs is as unique as their structure; they contain only a subset each of the proteins of nuclear pore complexes, inner nuclear membrane, nuclear lamina and endoplasmic reticulum. Validation of our robust NCS detection method on 95 endometrial biopsies defines a 6-day window, days 19-24 (±1) of an idealized 28 day cycle, wherein NCSs occur. Therefore, NCSs precede and overlap with the implantation window and serve as potential markers of uterine receptivity. The immunodetection assay, combined with the hitherto underappreciated prevalence of NCSs, now enables simple screening and further molecular and functional dissection. et al., 2007) . Here we document the unprecedented congregation of only some of these nucleoporins, inner membrane and lamin proteins in NCSs, furthering the mystery of these membranous organelles in the normally membrane-free nucleus.
Several lines of evidence suggest a role for NCSs in the preparation of the endometrium for reception of the embryo. NCSs have strictly been observed post ovulation, only on cycle days 16-24, and are not detected in pregnancy (Clyman, 1963) . They appear to be induced by progesterone and are sensitive to oral and intrauterine contraceptives (Azadian-Boulanger et al., 1976; FeriaVelasco et al., 1972; Kohorn et al., 1970; Kohorn et al., 1972; PryseDavies et al., 1979; Roberts et al., 1975; Wynn, 1967) . Finally, in several cases of unexplained infertility the absence or delayed appearance of NCSs was noted as the sole abnormal endometrial parameter (Dockery et al., 1996; Gore and Gordon, 1974; Kohorn et al., 1972) . Despite this and additional evidence, NCSs have been neglected as potential markers or prerequisites for implantation. This can be mostly attributed to the difficulty of their detection, which requires transmission electron microscopy and is compounded by their small size and the perception that only about 5% of all endometrial epithelial cells develop NCSs (Novotny et al., 1999; Ryder et al., 1995) . Here we describe the first light microscopic detection and molecular dissection of NCSs, which are about ten times more abundant than previously appreciated and mark the window of uterine receptivity.
Results

Light microscopic detection of NCSs
In electron micrographs, NCSs are often associated with the nuclear envelope. Therefore, we tested for the presence in NCSs of proteins from the nuclear boundary using indirect immunofluorescence on semi-thin frozen sections of human endometrium. Indeed, the monoclonal antibody 414 (mAb414), directed against a subset of nuclear pore complex proteins (Davis and Blobel, 1986) , identified rings in the nuclei of some endometrial epithelial cells (Fig. 1A,  arrows) . Although sometimes associated with nucleoli ( Fig. 1A' , arrowheads), these structures were distinct entities and had a darker ring-shaped appearance in phase-contrast images of these 0.5-μm-thick sections (Fig. 1A', arrows) . Nevertheless, similarly to nucleoli, these rings did not stain for DNA (Fig. 1A'' ). The concentration of nucleoporins in these structures proved so high that the classical punctate NPC staining of the nuclear periphery only became evident upon overexposure of the same image (Fig. 1A''' ). To determine the identity of these structures on an ultrastructural level, cryosections of human endometrium were stained with mAb414 followed by gold-labeled secondary antibodies. In addition to a NPC in an adjacent cell nucleus, mAb414 specifically, and to a highdensity, labeled NCSs but not adjacent nucleoli or other cellular compartments (Fig. 1B) . Therefore, the rings identified at the light microscopic level were NCSs rendering mAb414 a specific marker for this nuclear organelle. The additional labeling of NPCs serves as a control for positive antibody staining and demarcation of cell nuclei.
To test the robustness of the mAb414 staining method and its applicability to more commonly available paraffin-embedded tissue, paraffin sections of human endometrium were labeled. As in cryosections, mAb414 specifically stained NCSs and NPCs of epithelial cell nuclei whether visualized by epifluorescence (Fig.  2I ) or confocal fluorescence microscopy ( Fig. 1C) .
NCSs are abundant organelles specific to human endometrial epithelial cells
In single 0.5-μm-thick cryosections or 0.2-μm-thick optical confocal planes of paraffin sections, NCSs are observed in only about 10% of epithelial cell nuclei (Fig. 1C) , although clusters of NCS-positive nuclei can be observed (Fig. 1A) . To assess the number of NCSs in entire nuclei, 7-μm-thick paraffin sections were stained with mAb414 and imaged across their entire thickness in 0.2 μm steps using confocal laser-scanning microscopy. Whereas a NCS is visible in only one nucleus of a single optical plane (Fig. 1C) , NCSs are detected in most nuclei of a maximum projection of all planes (Fig. 1C') . Analysis in this manner of 237-1305 epithelial cell nuclei per endometrial biopsy from 11 women (Fig. 4A , black dots) revealed the following facts about NCSs (Table 1 ). In total, 6951 nuclei contained 3175 NCSs corresponding to 46% of epithelial cell nuclei. In individual women, the number of NCSs varied Fig. 1 . The monoclonal antibody 414 (mAb414) directed against nuclear pore complex (NPC) proteins exhibits a strong preference for NCSs. (A) Double fluorescence of mAb414 (A) and DAPI DNA stain (A'') on a semi-thin frozen section of human endometrium in the secretory phase. NCS fluorescence appears as rings (A, arrows). The rings, i.e. the matrix and membrane tubules of NCSs, appear as phase-dense circles in phase contrast microscopy (A', arrows). Moreover, NCSs are often encircled by nucleoli (arrowheads) and, like nucleoli, appear chromatin-free (A''). The concentration of mAb414 antigens in NCSs is so high that the classical rim staining of NPCs only becomes visible if the image is overexposed to an extent that saturates NCS staining (A'''). (B) MAb414 immunogold-stained electron micrograph of an ultrathin cryosection of luteal human endometrium. Note the strong and specific gold labeling of a grazing section of a NCS (i.e. its core is covered by its membrane tubules and matrix) that is embedded in a nucleolus (No) and attached to the nuclear envelope (NE). At least one NPC of a neighboring cell is identified by mAb414 (arrow). (C) Confocal micrograph of indirect mAb414 fluorescence of a 7-μm-thick paraffin section of luteal human endometrium. In a single 0.2 μm optical section, a NCS is visible in only one of the nuclei defined by the classical rim staining of NPCs (C), whereas, in a maximum projection of all optical planes, all nuclei outlined by hazy NPC staining contain NCSs (C'). Scale bars: 5 μm.
between 27% and 58% with an average of 44±9% (Table 1) . Most nuclei contained only a single NCS, although two and, in rare cases, up to five, were also observed. All NCSs were apposed to the nuclear envelope and the largest and most abundant NCSs were uniform in size with a diameter of 1 μm. This overall abundance and limitation in number per nucleus and size suggests a physiological role and a tight regulation of NCSs in the postovulatory endometrium.
NCSs were most abundant in epithelial glands but also present in luminal epithelium facing the uterine cavity. However, on no occasion were NCSs observed in nuclei of stromal cells (e.g. Fig.  2I and Fig. 4B ). Moreover, analysis of tissue arrays containing six paraffin sections each of human esophagus, stomach, liver, colon, rectum, lung, kidney and breast tissue, failed to reveal any NCSs when stained with mAb414 ( Fig. 2A-H ). This is most remarkable for breast tissue, which, like endometrium, is under control of ovarian hormones. When endometrial tissue arrays from healthy and carcinoma patients were stained, 17% (n=59) of control specimens contained NCSs (which is in the expected range if biopsies were taken randomly throughout the cycle), whereas none of the carcinoma sections showed any ( Fig. 2I and J, respectively). Therefore, NCSs are restricted to the nuclei of healthy endometrial epithelial cells.
Reportedly, NCSs are absent from animal endometria, even those of baboons (Clyman, 1963; MacLennan et al., 1971) . To reevaluate this information with our robust NCS detection method, we analyzed endometrial paraffin sections from 19 baboons collected during the height of receptivity. Although the NPCs were readily detected by mAb414, no NCSs were identified (Fig. 2K,L) . Hence, the NCS is a human-specific organelle.
The NCS is an organelle of unique composition
In a candidate approach, we used colocalization with mAb414 for an initial compositional analysis of NCSs. First, we investigated whether all nucleoporins recognized by mAb414 were present, because, on an ultrastructural level, no intact NPCs can be distinguished within NCSs. Indeed, when using nucleoporin-specific antibodies, only Nup153 and Nup62, but not Nup358 or Nup214 were present in NCSs (Fig. 3A-D) . Whereas the latter mark the cytosolic face of NPCs, the former constitute part of the central and nucleoplasmic face of NPCs (Tran and Wente, 2006 ). Therefore, we tested for the presence of translocated promoter region (Tpr), a nucleoporin interacting with Nup153 and forming the nuclear baskets of NPCs (Hase and Cordes, 2003; Krull et al., 2004) . Interestingly, Tpr was enriched in some, mostly full-sized, NCSs but absent from others (Fig. 3F , compare arrow and arrowheads). This indicates the existence of two classes of NCSs that differ in composition and/or developmental stages, i.e. an early stage without and a mature one with Tpr, possibly mirroring the late recruitment of Tpr to NPCs in telophase (Hase and Cordes, 2003) . Many nucleoporins, including Nup153 and Nup62, are post-translationally modified by single O-linked N-acetylglucosamine moieties, which bind the lectin wheat germ agglutinin (Davis and Blobel, 1986; Davis and Blobel, 1987) . This lectin indeed recognized NCSs, presumably binding the sugar moieties of Nup153 and Nup62, which consequently must have been modified like their counterparts in NPCs (Fig. 3E) . NPCs are anchored in the intermediate filament meshwork of the nuclear lamina that spans the inner nuclear envelope. Although lamins A/C were highly enriched in NCSs (Fig.  3I ,J'), lamin B1 was barely detectable (Fig. 2H) , whereas B2 was present (Fig. 2H') . Of two integral membrane proteins specific to the inner nuclear membrane, emerin was most highly enriched in NCSs (Fig. 2G) , whereas LAP2β was barely, if at all, detectable (Fig. 2J ). This was surprising because both proteins belong to the lamin-interacting LEM-domain proteins (Lin et al., 2000; Wagner and Krohne, 2007) . Unprecedented therefore, NCSs are composed of a specific subset of nuclear envelope proteins, part NPC, part lamina and part inner membrane.
Apparently, the membrane tubules of the NCS are derived from the inner nuclear membrane, which is contiguous with that of the endoplasmic reticulum via the pore and the outer nuclear membrane. Therefore, we tested for the presence of endoplasmic reticulum proteins in NCSs. Both luminal, e.g. BiP and PDI, and integral membrane proteins, e.g. calnexin, could be detected in NCSs (Fig.  3K,L',N') . Surprisingly, even the cytoskeleton linking integral membrane protein CLIMP63, which is concentrated in the endoplasmic reticulum but absent from the nuclear envelope (Klopfenstein et al., 2001) , was prominent in NCSs (Fig. 3M) . However, the rough endoplasmic reticulum marker protein Sec61, which is part of the protein-conducting channel, was not detected (Table 2) . Similarly, antigens further along the secretory pathway, e.g. from the Golgi apparatus, were absent from NCSs, specifically, GM130 and p115 ( Fig. 3L and Table 2 ). Therefore, the NCS membrane system appears to derive from the nuclear envelope and the smooth endoplasmic reticulum.
As reflected in their name, NCSs are often surrounded by nucleoli in electron micrographs. A thorough analysis using threedimensional confocal colocalization of mAb414 with the nucleolar marker Nopp140, which is not enriched in NCSs (Kittur et al., 2007) , revealed 44% of NCSs (n=295) associated with nucleoli. Although only analyzed in 0.5-μm-thick frozen sections, there appeared to be an inverse relationship between the presence of Tpr in NCSs and their nucleolar association. To test whether a common composition, as in the case of other nuclear membrane structures (Isaac et al., 2001; Kittur et al., 2007) , was responsible for this association, additional nucleolar proteins were investigated for their presence in NCSs. Surprisingly, nucleolar proteins never concentrated in NCSs but often were apposed to them in nucleoli ( Fig. 3N and Table 2 ). Therefore, the molecular basis of the NCSnucleolus relationship remains to be elucidated. Finally, none of the markers for other nucleoplasmic domains or functions accumulated in NCSs, specifically, the Cajal body marker coilin, the nuclear-speckle-specific splicing factor SC35, initiating or elongating RNA polymerase II or the progesterone and estrogen receptor transcription factors (Table 2) . Consequently, the NCS represents a nuclear organelle of distinct composition.
The NCS marks the implantation window
Although previous electron microscopic studies agree that the NCS marks the postovulatory endometrium, the exact window of NCS appearance varies. Therefore, we tested our robust NCS detection Journal of Cell Science 121 (12) NCSs that are not obvious (E) and all in the double fluorescence series (two right columns) are indicated (arrows). In all cases, the identity of NCSs was confirmed by double fluorescence and/or phase-contrast microscopy. Note that although mAb414 recognizes all four nucleoporins, only Nup153 (A) and Nup62 (C) but not Nup358 (B) nor Nup214 (D) are present in NCSs. Tpr is present in only some (F, arrow) but not other NCSs (arrowheads). Of the two inner nuclear membrane and lamina-associated proteins emerin (G) and LAP2β (J), only emerin is enriched in NCSs. Nucleoli, identified by fibrillarin (N, arrowheads), are often adjacent to or surrounding NCSs (N', arrows) but do not overlap. Note the particularly high enrichment in NCSs of Nup153 (A), emerin (G) and lamin A/C (I), which at this exposure are barely detectable in their usual nuclear envelope locations. Magnification is identical in all panels; scale bar, 5 μm.
method on 95 endometrial biopsies from fertile women, 31 from the follicular and 64 from the luteal phase. NCSs were restricted to luteal days LH+4 to LH+13 and none were detected in any of the follicular phase biopsies (Fig. 4A,B) . No NCSs were observed before day LH+4; after day LH+9 the number of NCSs appeared to gradually decline and the number of cells with few and no NCSs increased. Biopsies collected at two separate sites defined the same NCS window (Fig. 4A, black and white bars) . This supports the general applicability of our methodology. Several biopsies had factors associated that could influence accurate dating (Fig. 4A,  lettered biopsies) . If all those biopsies were disregarded, NCSs were only observed in the window of days LH+4 to LH+10, except for a few NCSs in a day LH+13 biopsy. When considering all biopsies, over 70% of biopsies/day in that LH+4 to LH+10 window contained NCSs, whereas thereafter their number dropped to 50% and below (Fig. 4C) . Interestingly, the fact that a patient under a regimen of high estrogen and low progesterone showed no NCSs on luteal day 7 (Fig. 4A, biopsy b) supports the requirement of progesterone for NCS induction. In summary, the appearance of NCSs peaks on cycle days LH+5 to LH+10 (±1 day), i.e. days 19-24 (±1) of an idealized 28-day cycle define the NCS window.
Discussion
The major impact of our results is twofold: the NCS detection assay provides a simple method for endometrial dating, and the unique molecular composition of the NCS provides a basis for understanding complex interactions governing nuclear architecture. Therefore, our discovery will be of interest to such diverse groups as practicing gynecologists and basic cell biologists.
Markers for uterine receptivity
Our identification of the first molecular markers of NCSs allowed development of a light microscopic assay for their detection. Application of this assay reveals a peak presence of NCSs in over 50% of endometrial epithelial cells or a tenfold higher prevalence than was appreciated based on previous electron microscopic † Antibodies specific for the phosphorylated Ser2 of the C-terminal domain of RNA polymerase II, which is characteristic for the initiating enzyme.
‡ Antibodies specific for the phosphorylated Ser5 of the C-terminal domain of RNA polymerase II, which is characteristic for the elongating enzyme.
Fig. 4. The NCS marks the implantation window.
(A) Histogram of 64 human endometrial biopsies collected on the indicated luteal days (LH+) and scored for the percentage of epithelial cell nuclei containing NCSs using three categories, none (0%), less than 10% (<10%), and between 10% and 60% but mostly around 50% (~50%). Where available, the luteal day was determined in the following order of priority, according to LH surge, classical histological criteria (+) (Noyes et al., 1950) , and chronological day (*). Some biopsies from conditions that may affect dating are indicated: (a) fibroid uterus; (b) menopause transition treated with hyper estrogen and hypo progesterone; (c) 30-34 day cycle; (d) 34-37 day cycle; (e) dysmenorrhea. The biopsies in which NCSs were quantified more accurately (Table 1) studies (Novotny et al., 1999; Ryder et al., 1995) . Therefore, our results establish the NCS as a major physiological hallmark of the postovulatory endometrium. Based on the analysis of 95 endometrial biopsies, NCSs define a six-day window, days 19-24 (±1) of an idealized 28-day cycle, which precedes and overlaps with the implantation window. Of course, the accuracy of this NCS window relative to the menstrual cycle depends on the accuracy of the endometrial dating. In this context, it should be noted that results from the dating methods that are commonly used, including in this study, can differ significantly (Murray et al., 2004) . Nevertheless, NCS appearance can now be easily and reliably determined in fresh and archival endometrial biopsies using a robust immunodetection method.
Definition of the receptive period -the implantation window -of human endometrium remains a major challenge. This becomes particularly evident in artificial reproductive technologies that probably depend both on accurate timing and on ability to detect defects in receptivity to increase the low average implantation rate of ~25% (de los Santos et al., 2003) . Long-standing histological markers of uterine receptivity are slowly giving way to molecular markers, although no single marker has been able to withstand the test of time (Aghajanova et al., 2007) . With the development of our assay, the NCS combines a histological marker with molecular detection. NCSs may be a hallmark of receptive endometrium because they define a luteal window that closely mirrors serum progesterone levels. By contrast, pinopodes -apical membrane protrusions thought to be critical for and present at the site of blastocyst attachment -persist through early menses and pregnancy (Acosta et al., 2000; Bentin-Ley et al., 1999; Nikas et al., 1995; Usadi et al., 2003) . Additionally, the value of pinopodes as implantation markers has recently been questioned (Petersen et al., 2005; Quinn et al., 2007) . Here, we propose the long known, but mostly forgotten NCS as a marker for uterine receptivity.
Nuclear organelles of novel composition
The monoclonal antibody 414 is an excellent marker for NCSs. However, only a subset of the nucleoporins recognized by this antibody resides in NCSs: Nup153 and Nup62. Similarly, only some inner nuclear membrane (emerin) and lamina proteins (lamin A/C) are enriched in NCSs, whereas all tested proteins of the smooth endoplasmic reticulum are present. This selective composition of the NCS, together with its membrane tubules in the normally membrane-free nucleus, renders the NCS unique among nuclear organelles. Despite the analysis of only a sample of envelope proteins, it is clear that NCSs are not a mere extension but a specialization of the nuclear envelope.
Although membranous structures have been previously observed in nuclei, they were all artificially induced and differ in composition from the physiological NCSs as detailed below. R-rings, which are induced by exogenous expression of the nucleolar protein Nopp140, are virtually indistinguishable from NCSs at an ultrastructural level, hinting at a common derivation from the inner nuclear membrane (Isaac et al., 2001; Kittur et al., 2007) . However, R-rings differ from NCSs in their composition, for example in their accumulation of nucleolar proteins that are absent from NCSs (Isaac et al., 2001; Kittur et al., 2007) . Interestingly, overexpression of mammalian Nup153 and B-type lamins, which are both present in NCSs, and of the yeast Nup53 leads to intranuclear membrane formation (Bastos et al., 1996; Marelli et al., 2001; Prufert et al., 2004; Ralle et al., 2004) . However, none of these proteins is overexpressed in NCSpositive cells because, unlike during their exogenous expression, nuclear envelope staining of these proteins is not increased compared with that of neighboring, NCS-free cells. Additionally, where available, these membranes differ in composition, because the Nup153-induced structures lack Nup62 and lamins (data not shown), and yeast Nup53 structures stain negative for mAb414 (Marelli et al., 2001) . Moreover, membrane proliferation appeared to be dependent on the permanent farnesylation of B-type lamins (Prufert et al., 2004; Ralle et al., 2004) , but this modification is removed from the more highly NCS enriched A-type lamins. Finally, the presence of lamins and only some nucleoporins sets NCSs apart from annulate lamellae, intact NPCs embedded in register in lamin-free stacks of smooth endoplasmic reticulum (Chen and Merisko, 1988) . Consequently, NCSs are distinct from all these nuclear structures.
What causes the formation of NCSs? Apparently, NCSs are induced by the action of progesterone but steroid receptors are not enriched in NCSs (Table 2) (Kohorn et al., 1970; Kohorn et al., 1972; Pryse-Davies et al., 1979; Roberts et al., 1975) . NCSs are only one of several precisely timed ultrastructural changes occurring in postovulation endometrial epithelial cells (Spornitz, 1992) . The uniform 1 μm size of NCSs and the limited number of one per nucleus, indicate that their growth is controlled and not a random proliferation. Unlike in the artificial cases mentioned above, NCSs are not induced by simple overexpression of one of its components. This is supported by gene expression profiling studies of human endometrium, which report no upregulation of any of the NCS components identified here or of entire nuclear structures (Borthwick et al., 2003; Carson et al., 2002; Horcajadas et al., 2004; Kao et al., 2002; Mirkin et al., 2005; Riesewijk et al., 2003; Talbi et al., 2006) . This is not surprising, considering that based on extrapolations of fluorescence intensity measurements to the surfaces of entire NCSs and nuclear envelopes, the amount in the NCS of its most prominent constituents (Nup153, emerin, and lamin A/C) equals that of the entire nuclear envelope. Therefore, the levels of those proteins need only increase twofold to account for their bright fluorescence in NCSs. In a tissue-wide analysis, this factor would be reduced by at least half owing to the presence of NCSfree epithelial cells. The signal would be further diluted by the large number of cells in each sample from the stromal compartment. Consequently, changes in messenger RNA abundance of these components would escape the sensitivity of a gene-profiling approach, arguing for more sensitive, single-cell-based assays, as reported here. In conclusion, the biogenesis of NCSs must be a finely balanced process.
Our molecular and physiological characterization of NCSs raises new questions as to their function(s). NCSs exhibit a threecomponent architecture, membrane tubules embedded in an electron-dense matrix, which together surround an amorphous core. Is one of these components the functionally important entity merely requiring the other two for its maintenance or are they required as a whole? Are NCSs sequestering specific molecules in their core? Based on the ring staining in sagittal NCS sections, we have only identified proteins of the NCS matrix and membranes but not its core. Are NCSs merely stockpiles of its individual components? The presence of only a subset of nuclear envelope components argues against a simple storage function. Is it possible that specific genes associate with NCSs, for activation or repression? Could the expression of such genes be important for communication of the epithelium with the blastocyst? Alternatively, could such genes and/or the NCS be involved in inhibition of cell division because NCSs are only seen in cells whose proliferation has been halted by the action of progesterone (and not in cancer specimens)? What is the connection between the nucleolus and the NCS? The association/engulfment of half of NCSs with/by nucleoli suggests a functional link. Is this link related to the major function of nucleoli, ribosome biogenesis, or to one of their many, more recently identified activities (Boisvert et al., 2007) ? Using the simple NCS detection method and molecular dissection herein described will allow investigators to approach these and other questions. The importance of our discovery of an NCS marker is perhaps best illustrated by the remarkable insight gained into the function of Cajal bodies -other nuclear bodies known for over 100 yearssince the identification of their marker coilin (Gall, 2003; Raska et al., 1991) .
Materials and Methods
Human endometrial biopsies
Endometrial biopsies were obtained by informed consent from normally cycling women at two sites, Albert Einstein College of Medicine, Bronx, NY (site 1, 50 biopsies) and University of North Carolina School of Medicine, Chapel Hill, NC (site 2, 45 biopsies). The respective Institutional Review Boards approved the collection protocols. The site 1 protocol was described previously (Kittur et al., 2007) . Endometrial tissue was fixed with 4% paraformaldehyde in phosphate-buffered saline. Routine histological methods were used for paraffin embedding and sectioning of tissue. A total of 28 hematoxylin and eosin stained sections of site 1 biopsies were scored blinded for the cycle day by two independent histopathologists using classical criteria (Noyes et al., 1950) . The site 2 protocol was identical, except that all samples were obtained from normal volunteers and cycle timing was based on cycle day (proliferative) and urine LH surge identification (secretory). Cycle day was confirmed by a single investigator blinded to LH data using the same criteria of Noyes (Noyes et al., 1950) . No biopsies were reassigned to a different cycle day based on histological review.
Immunostaining of tissue sections
For immunostaining, sections on slides were first deparaffinized by heating at 60°C for 20 minutes, and rehydrated as follows: twice in xylene (5 minutes each), 100% ethanol (10 minutes), 95% ethanol (5 minutes), 80% ethanol (2 minutes), 70% ethanol (2 minutes), twice in distilled water (2 minutes each). For subsequent antigen retrieval, slides were microwave-heated at full power (2 minutes) in 10 mM sodium citrate (pH 6.0) and steamed in a rice cooker (20 minutes). After cooling to room temperature, slides were rinsed with phosphate-buffered saline and processed for routine immunostaining as described, except that the sections were not further permeabilized with detergent (Isaac et al., 1998) .
Cryosectioning was performed by the method of Tokuyasu as described previously (Kittur et al., 2007) . For light microscopy, 0.5-μm-thick (semi-thin) cryosections were cut from the fixed tissue, picked up using 2.3 M sucrose and placed on glass coverslips. The sucrose was dissolved by incubating the sections in nanopure water. Sections were next permeabilized by the following treatment for 30 seconds each: xylene, 100% ethanol, 95% ethanol, 80% ethanol, 70% ethanol and distilled water. The antigen retrieval and immunostaining was identical to that described above for the paraffin sections.
Tissue arrays used were 59 endometrial carcinomas (adenocarcinomas grade I-III) (Cybrdi, Frederick, MD), normal tissue of multiple organs from 48 patients (Cybrdi), and 59 normal endometrial sections (Imgenex, San Diego, CA). Tissue cores on the array slides were formalin-fixed and processed for immunostaining as described above. Sections of secretory endometrium from 19 baboons were kindly provided by Asgi Fazleabas, University of Illinois, Chicago.
Antibodies
Mouse IgGs (Covance Research Products, Princeton, NJ) of mAb414 (Davis and Blobel, 1986) were used at 2 μg/ml for light and at 500 μg/ml for electron microscopy. The following primary antibodies were used on paraffin and cryosections at the dilutions indicated in parentheses: anti-calnexin rabbit polyclonal serum (SPA860 at 1:200; Assay Designs/StressGen, Ann Arbor, MI), anti-BiP mouse IgGs (10C3 anti-KDEL at 2.5 μg/ml, Assay Designs/StressGen); anti-PDI polyclonal serum (SPA860 at 1:200, Assay Designs/StressGen); anti-Sec61β rabbit serum (1:200 using RNase) (Fons et al., 2003; Snapp et al., 2004) ; anti-human Nopp140 rabbit polyclonal serum (RS8 1:500) (Kittur et al., 2007) ; anti-human NAP57 rabbit polyclonal serum (RU8 at 1:200) (Darzacq et al., 2006) ; anti-fibrillarin mouse monoclonal IgG (clone D77 at 1 μg/ml) (Aris and Blobel, 1988) ; anti-nucleolin mouse ascites fluid (clone 7G2 at 1:1000) (Pinol-Roma, 1999); anti-UBF1 rabbit polyclonal serum (1:100, from Larry Rothblum, University of Oklahoma Medical College, Oklahoma City, OK); anti-SC35 mouse ascites fluid (1:1000, Sigma, St Louis, MO); anti-coilin mouse ascites fluid (clone 5P10 at 1:1000) (Almeida et al., 1998) ; anti-RNA polymerase II C-terminal domain mouse monoclonal culture supernatants (clone H14, IgM undiluted, initiating) and (clone H5, IgG undiluted, elongating) (Bregman et al., 1995) ; anti-Nup153 mouse monoclonal ascites fluid (clone 322 at 1:100) (Sukegawa and Blobel, 1993) and culture supernatant (clone SA1 at 1:10) (Bodoor et al., 1999) ; anti-Nup358 rabbit polyclonal serum (1:500) (Wu et al., 1995) ; anti-Tpr rabbit polyclonal serum (Tpr C at 1:300) (Frosst et al., 2002) ; anti-Nup62 goat polyclonal serum (sc-1916 at 1:20, Santa Cruz Biotechnology, Santa Cruz, CA); anti-Nup214 rabbit polyclonal serum (1:50, from Joseph Glavy, Stevens Institute of Technology, Hoboken, NJ); anti-lamin A/C rabbit polyclonal IgG (sc-20681 at 2 μg/ml, Santa Cruz Biotechnology); anti-lamin A goat polyclonal IgG (sc-6214 at 4 μg/ml, Santa Cruz Biotechnology); anti-lamin B1 rabbit polyclonal serum (1:1000) (Moss et al., 1999) ; anti-lamin B2 mouse monoclonal IgG (clone LN43 at 100 μg/ml, Chemicon, Temecula, CA); anti-LAP2β mouse monoclonal IgG (5 μg/ml, BD Transduction Laboratories, San Diego, CA); anti-emerin mouse monoclonal culture supernatant (clone 4G5 at 1:20, Novocastra Laboratories, Newcastle upon Tyne, UK); anti-CLIMP63 rabbit polyclonal serum (1:200) (Schweizer et al., 1995) ; anti-p115 rabbit polyclonal serum (1:500) (Mukherjee et al., 2007) ; anti-GM130 mouse monoclonal IgG (clone 35 at 1.25 μg/ml, BD Transduction Laboratories); anti-progesterone receptor rabbit polyclonal IgG (sc-538 at 2 μg/ml, Santa Cruz Biotechnology, and ab15509 at 2 μg/ml, Abcam, Cambridge, MA); anti-estrogen receptor α rabbit polyclonal IgG (sc-542 at 2 μg/ml, Santa Cruz Biotechnology); Fluorescently labeled wheat germ agglutinin (WGA at 0.1 mg/ml, Sigma). Note that although all antibodies stained cells in their predicted pattern, we cannot rule out that the lack of NCS staining in some cases could result from masking or loss of an epitope specifically in NCSs.
DNA was stained with 4Ј, 6-diaminidino-2-phenylindole dihydrochloride (DAPI at 1 μg/ml, Sigma). Secondary antibodies for immunofluorescence against IgGs were Cy3 or Cy5 conjugated donkey anti-mouse, Cy2-conjugated donkey anti-rabbit, and Cy3-conjugated donkey anti-goat (1:200, Jackson ImmunoResearch, West Grove, PA), and Alexa Fluor 488-conjugated goat anti-mouse IgMs (1:200, Invitrogen, Carlsbad, CA).
Imaging
All imaging was done at the Analytical Imaging Facility of the Albert Einstein College of Medicine. Epifluorescence of cryosections and paraffin sections was performed with the identical procedure and equipment as described recently (Kittur et al., 2007) . Confocal laser-scanning microscopy of paraffin sections was performed on an SP2 AOBS microscope (Leica, Mannheim, Germany) using a 63ϫ/1.4 NA planapo objective. Image stacks were reconstructed in three-dimensions, enhanced, and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).
NCS quantification
Quantification of NCSs using mAb414 on paraffin sections was first established on a three-dimensional training set of 11 endometrial specimens from luteal days 4-11 (Table 1) . For this purpose, the ~7-μm-thick sections were imaged with the confocal laser-scanning microscope at 0.2 μm steps. In order to account for all NCSs, maximum projections of all stacks were reconstructed using the standard deviation method of ImageJ software (e.g. Fig. 1C') . Between 237 and 1305 epithelial cell nuclei for each biopsy were visually inspected for NCSs. The numbers from this analysis were related to those observed by two-dimensional analysis of the same biopsies using epifluorescence. In this manner, biopsies were classified into three categories, those without NCSs (0%), those with low amounts (<10%) and those with plenty of NCSs, most commonly around 50% (~50%). All residual biopsies were analyzed using epifluorescence and assigned to one of these three categories. All analysis and scoring was done independently by at least two observers who were blinded as to the cycle day.
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